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Searches at Hadron Colliders

 The Tevatron Is a discovery machine

— Hadron collider:
* Quark constituents of p, pbar experience all known forces.
* Interactions at a range of center-of-mass energies.

— Highest energy fundamental collisions ever adlfic
produce!

— Two well established detectors.
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The Standard Model

« Particle physicists:
Bearers of the faltering
standard of reductionism

 The Standard Model (SM)
IS the framework for all
analysis

Incomplete!

* Higgs (Winer, next
talk)

 Unanswered questions
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Searches and Discoveries

 What constitutes a discovery?
— That which is experimentally 4«

Tevatron Run Il, pp at s = 1.96 TeV

observed or verified for the = ,;}'=® - CDF Preliminary
" " Heavy Flavor = CDF Published
first time. o 0] | B Theory
 No new physics in early 103
Tevatron running. e
. . . 107 4 W
— Mine the data fointeresting .’ :
signals with ever more e i
precision. - K4 New
3 |[~10 orders WW = single Physics’
 Low-rate SM processes 0] ||of magninae| @ 5 WEREE
— Interesting in their own right. 7' 73
— Invaluable laboratory for plt
validating tools and o e E WD T R e
techniques. ' He
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Search strategies

If you know what you’re looking for. A

Tune cuts, develop powerful discriminants
to separate known signal, known background

If you're interested in a class of model

Define classes of interesting events. Set
limits in model parameter space.

If you want to produce generic results
tied to a specific model.

Signature-based searches.

V)
l@re powerful
f —

Consistency with null hypothesis (SM).

Generic limits on NP cross-sections.
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Experimental signatures

Search final states with: e e eiosnoter  cheaior
— Photons photons
— Electrons et
— Muons muons
— Taus e
— Missing Energy T
e Neutrinos -

i i : Innermost Layer... . Outermost Laver
« New non-interacting particles e » ...Outermost Lay

— Hadronic jets (quarks, gluons)

— Heavy flavor jets (bottom, charm)
Experimental challenges:

— Particle identification (efficiency?)

— Energy / momentum measurement (calibration?)
— Triggering (rejection factor 1P
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Results outline

1. A successful search for a small signal at the
Tevatron: single top quark production.

2. Global search for new physics.

3. Specific models and final states.
— Resonances (ttbar, dielectr

— SUSY (Chargino/neutralino, squark/gluino,
stop/sbottom)

— Non-SM Higgs
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Single top search intro

vi MET
I a q t ~ High-p; eor p
w we -/ e 2 jet
WE SC JEerTs,
b t What >1 b-tagged
b

g —
b q
CDF F?un Il Prelimlinary, L=2.2flb'1
* Electroweak productio 3000 o |
£ U Count events: [mweam ||
of top quarks. 5 signal buried! | |
o Gonof | o |
— ~3 pb predicted in SM s % T
5 [ 7
» Ratel] |V |? §rooo |

e Sensitive to new physigs 0

W+1ljet W+2jets W+3jets W+4jets

. me final state as WH :
Same final' s  Need advanced techniques...
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Single top search techniques

CDF Run Il Preliminary

[ Single_top
[~ b-like

Signal characteristics known

— Use the information to maximize
sighal/background discrimination.

Multivariate techniques

— Classify events according to S|gnal
like-ness.

Normalized to unit area

Bg-like

c-like
Mistags
) tt-bar

Signal-like

0.2

Must validate background shapes °
signal region

—

= [fa) e ;channel +Dﬁh09fb:

ER: s-channe

— Data control samples > 2 fﬁ”we" B tchannel
. - W+jets
— Systematics g4 ++ mMuitjt

02 04 06 08 1
ME tb Discriminant Output

— Robust results, cross-checks,
collaboration.
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Yield [Events/0.1]

Single top results (1)

Hb)es X e+l channel -+ D@ 0.9 15 CDF Run Il Preliminary, [=2 2" BE==*
1-2 b-tags _
2-4 jets s-channel DMiIsiags.
M t-channel 300
Wt ] £ 250
Wijets @
M Multijet W 200 f _
N e+u channel % : 12
1-2 b-tags T 1505 E
0 02 04 0§ 08 2-4 jets < oof 2
tb+tqb Bayesian NN Output O : 1z
—_ 50 1z
p:y 0? e+l channel 1=
S 1 1-2 b-tags 0 5
2 4~  2-4jets 0 0.2 0.4 0.6 0.8 1
o ‘ Event Probability Discriminant
11}
E 10
>
X Example analysis and channel
6 0.7 0.8 09 1 .
tb+tqb Bayesian NN Output fl“Om each exper‘lmen'l'.
Next combine results for added
power...
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Single top results (2)

o Combme resul’[s W|th|n Tevatron Single Top Summary
experiment s FuETS RGOS 1.8+ g3
— DO: Best Linear Unbiased Matrix Element: COF @ — 224 08
Estimator (BLUE) . Neural Network CDE 20+ 09
— CDF: Asymmetric Iterative (2200 pb) - 08
BLUE; Evolved Neural weW CDesision Tree: SOF® 15 1.9+ 58
NetWOrkS Combination: GDI.:_.— 224 0.7
{2200 pb™) e ) 4
tl?:ﬂc{;isi?:; Tree: DO 4.9.__|_ 1‘!4‘
Signal Significance | Cross-Sectio et Eloment 00 - s
Expected Observed Measured ’
?gxﬂyz}eps;iip NN: DO !4 + :Ilg
DO (900 pb')
290 3& 47 i 13 pb F;G?s;ll?hon: > | ‘x .54;!![13.‘!33_::. :;;ugf:[:nrm
CDF (2200 ph) 0 2 4 6
5 10 3 v 2 2 N O v b Single Top Production Cross Section (pb)
: 10 Sl + S-channel optimized (CDF):

e
o.= 0.58 +0.86/-0.58 pb
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Search for Win single top sample (1)

e Use same tools to search for QW
structure In M. :
— Massive W-like boson (VWpredicted in various models.

— No deviation from SM observed; set limits assunsidr
ike fermion couplings. = ggmsm ey

1.6 v [—— Expected Limit
L 1 o : : : :| ] + 16 Expected Limit
CDF Run ll Pre||r'|'||r'|aryl L=191fb - Single Top 14? R T TS ST SNt N S (R A
(Monte Carlo Scaled to Data) [ ttoar ; 2: e aMw- MW) > M(v)
; % 2 Jets 1 Tag | I Mistag+NonW ClE \ N\ L= smw: mow) <wi) |
2501 / [ WH+c like ' 1 ; ; : -
200[- — —— Data ®
[ 7 #+% Sys Uncert 0.6 ;
® I 0.4
c 150+ ] E
L% i % 0.2 : : .
i a4 DF g | | | | | |
100 [ 7 C ] 0300 400 500 600 700 800 200
[ 7 _1 W' Mass (GeV)
[ . .
50 1 b .
S - > é ( > )
: % » N M W' 800 GeV/ M W' MVR
0 100 200 300 400 500 600 2700
KS: 16.3% M. (GeV/c > @ ( < )
Chi2/DoF: 13.4/20: 84.1% m ) M W' 825 GeV/ M W' M vR
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Search for Win single top sample (2)

DO performs a similar search.

 For W, interference with SM W boson is
taken into account.

E 1 D2 0.9 —8— Observed limit
== g (@) ol Expec!ed limit
. i —&— SM+W NLO (M < M, )|g
=10 - -1 —~— data T with W/W’ interference
8 ra) D@o9fb’ T W’ 700 GeV =3P
o I — W’ 800 GeV @
Q102 = I single top x ]
/) r 3 =
1(1:: - -%ﬂets % 1]
Itijet 1
Lﬁ 10 § B multijets g _
C o] 0 ] : , . T
i 600 700 800 900
1E W’ mass [GeV]
: My, > 731 GeV/é
10
0 200 400 600 \/8:00 1000 |1, >739GeV/E (My,>M,)
s [GeV]
My > 768 GeV/E (M, <M, )
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CDF global search for new physics

* Analyze all high-p data simultaneously
for evidence of new physics.

— Less sensitive than dedicated analyses.

— Motivation: don’t miss something obvious
for failure to look!

* Every event categorized by identifie
physics objectsp; > 17GeV).
— ~400 exclusive final states

 SM expectation modeled by

— Pythia & Madgraph generators
— Full detector simulation

— Fitted global corrections (43) to theoretical
& experimental models
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CDF global search results (1)

Look for
1. Deviations in event
counts & ~20,000
kinematic

distributions.

2 bl

Vista Final States

April 12, 2008

Localized excesse
(bumps) in ~5000
mass distributions.

No signh of
new physics

o CDF Run Il Preliminar ary (2 167

6000

2000

Number of Evenis

Entries: 309

]

3j ) _pr < 400 GeV

CDF Run Il Preliminary (2 &)

3500

Vista Distributions

py =y
Q a1
Q Q
Q (=]

500

a

-01 0 -3 45 -4 -2 0 2 4 -]

5: 19650

o CDF RBun |l Data
I Cther

4000

[ 1 Pythiabj:3.9%
Pythia jj - 95.9%

— | [ Overlaid events . 0.1%
CDF Run Il Preliminary (2.0 fb 1) [ Pythiajy 1 0.1%

Probably inadequate
parton shower modeling...
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CDF global search results (2)

Look for

3. Excesses in highqpails.
. : : No evidence of new physics
Algorltr_]m determlngs in 2.0 fb! of CDF data
most discrepant region from the global search.

e Correct probability for
trials factor

Global p-value = 0.08.

_ ] -1

ol CDF Run Il Preliminary0(2.0 g%‘) I'T 0Py CDF Runli Prellmlga_ryo(zo fTb )
2 ®  COF Aunlldata . £ BF e CDFRunIldata o ]
[= 30: 1 Pythia Z(—11) : 23% 5 C | MadEvent Z{—spp) y  B0% 4 SM=0.39
g L 1 Pythia Z{—pp) : 22% = - 1 Pythia WZ : 33% 35 d=4

o w Fis Coa g
w - 1 Pythia | : 20% o T 1 MadEvent Z(—pp) | 14 6% :
s o5 [ MadEvent Z{—pp) | 1 6.5% [<] r 0 Pythia Z{—t1) 0 3.2% 25
= [ B Cther el "
.8 r é C 15
= Z 5 05
0, .

- i
20— TR -

L e - 550 300 350
15— 4 )

-

o1 L
o} 50 | 100 150 200 250
5 > ZpT(GeV)
April 12, 2008 APS April Meeting, St Louis, MO 16

session K12




Resonance searches: ttbar

 Many models predict new resonances decaying to pairs of SM
particles. :

— KK states, Z, etc.
e Top quark could have large coupling to new physics...
e Select tthar events with

G,-B(X—=tt) [pb]

. ‘% 700 (b) DY, L=2.1fb" = Data
>=1 NN btag, allow 3'Jet ® g0l Hpreliminary [ ]Z/(650 GeV)
g .. o 60} ]
events for increased statistics &s e
_E. 40; 4_J eT Diboson
5:\ e B 30; Wjets
4.5 — Expected limit 95% CL 3 E Z+jets
“E with uncertainty band 3 201 B Muttijet
4§ e~ Observed limit 95% CL 100
3.5 — Topcolor Z' (CTEQSL1) = - o
3c = %200 400 600 800 1000 1200
2.5- DO, L=2.1 fb" = M, [GeV]
2? Preliminary
3 E Narrow leptophobic Z’:
1E 3
0.5= - M. > 760 GeV/e
%00 200 500 ‘600 700 ‘800 900 1000 1100 (expected: 795 GeV#:

M, [GeV]
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Resonance searches: ee

* Dielectron events:
— Very clean signal
— Excellent calibration using Z peak.

Miee} {GeWic™)

CDF Run II Preliminary
"o L=251b" o
e & ~data CDF Run II Preliminary
> g Jorellyan | EXCESS Ne; 0
= QCD € r
+gmotersm | 240 GeV/é: :>j [
¥ oL
e . 3-00 310 5
i
3
£1

After trials factorg»_, 02:

o o

WKJL\\ ~2.50 \%10? M
! AL

L L1 1 1 1 IIII|
0 5 10 15 20 25 30
Maximum -2logx

'Data: 14.38

1 o By
1077500 200 300 400 500 600 700 800 900 1000
Miee) (GeV/c)
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Supersymmetry

Extension of space-time

symmetry.

Q |Boson> = |Fermionp
Q |Fermion> = |Bosonp
Every particle has a

superpartner.

Addresses problems.

Must be broken.
Many new parameters.
MSSM/mMSUGRA most commoh
framework. O

[ *Dark ma’r'rer\
*Hierarchy
Unification
*Strings

April 12, 2008

8001 5= \Q
| Point SU3
I
60OF 5, ——

; I -
R-parity: [ HA Xa: X:
—Lightest 2 [ h ‘ X3

.| @ 400- h
supersymmetric g
particle (LSP) is - )
stable. 200'_ == - .57
—>SUS.Y particles Ry .
pair-produced. h—" X1
D_ | | 1 | | | | I | 1 | | 1 | 1 | | | |

J=10 J=1/2
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Chargino/Neutralino results

e Low mass scales, but clean
signal with multlple leptons, MET q

e Optimize channels independently
e Expect O(10) SM events.

e Data consistent with SM prediction.
0.5 CDF Run i Pre|iminary_|. Ldt=2.0 fb” S( ll(ll f()l it\ )'
— - | T T '4 | T T T T | T T T T I T T T T I T T T T I T T T T “51_6 =l
£ G .. 1 g ;
a r D@ Run Il Preliminary, 0.9-1.7 fb' e | ;;Fi’td"“‘ S —
g 0 4 __ %o_:"p_‘ M@i)nm(ao)ngm au) . Mli""’:l M@U) __ g 1.4:_ ---------------- ThEOFy GNLOXBR Uncertainiy
E ) - i‘-‘. e Xz = n > 2 §1 2—_ ---------------- 95% CL Up.pe.r Limit: expected
3 - "E}G tanp=3, u=>0, no slepton mixing - o L E:g::g '::::;Z
- @ h £ +
&= 030 = A —_— - ] a 95% CL Upper Limit: observed
+?.§: C < & Chserved I—.'m.” ] T [ ——— ————
2 - /;;,Qf- Expected Limit - 230.8 n =0 TEREEP. AR 0
& | £ ., - [&] E
0.2 " . i
= . 0.6
- - 0.4f i TR
0.1 . E e
e . 0.2 | e
B L L | L L L L Il" "|I"":“I I'" I:Illlllllll:".II'II r | l 1 l 1 e i 1 ] 0 : i i L L L ‘ L 1 L L | L 1 L L ‘ L L L 1 ‘ 1 L L 1 ‘ L 1
110 120 130 140 150 160 100 110 120 130 140 150

Chargino Mass (GeV/c?)

Chargino Mass (GeV)

No slepton mixing: M{*,)>145 GeV/e MSUGRA: M{*,)>140 GeV/e
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Squark/gluino results

Higher mass scales, but strong producteimigh
rates.
Hadronic jets and missing energy

— Lgrge SM backgrounds from generic QCD, W+je
ttbar

After cuts, expect O(100) SM events.
Data consistent with SM prediction
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s included rr H olbs‘en‘fe“:l I|L'ﬂ|": QI.':"A‘: ‘.L.‘

in the calculation of the
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Light stop/sbottom results
e t -blU VU=LSP e M. >m g - bb, b - by°

 Final state: e 1 + MET (+bb) ¢ Final state: 4b + MET
 Data consistent with SM  Data consistent with SM
prediction 1 firl orediction 1.8 fbl

COF Run |l Preliminary jr Ld=178"

v B il i DO Runll Preliminar ~. 350
m LEPI Y [ = Ohserved B5% CL limit
O LEF Il ALO L_Ifb—f ":; " "
s OO Run 1l (g J obz 428 pb —
E " == DORunll (etf\i) exp 428 Eb " o BT} = 60 GB‘HEQ
DO Run Il {ep)obs 11" e {'l} 00 :
o ol ---- DO Rurt Il {ep) exp 11" ~ - ”‘_i "‘u';" kg = 500 et
o : %
TS = 250
4§ 80 =
ot 2
Q= B
& 200
S s 7] D@ Run I 310 pey’
1 7)) Ehalieim Pair Producton
Excludsd Limit
150
CEF Rum | exeluded
1 ‘ 1 1 1 | Il Il 1 | 1 1 1 | Il 1 1 | ’x
140 160 180 200 N m—_—

00 M v
G stop mass

.1[]& . i B ST s ir (S R )
200 250 300 350 400
Gluino Mass (GeVic?)
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2
Muu | GeVlc

B U

 BRgy(B.—HM) =3.8x 10°

e SUSY:[ (tan [3)6

CDF I Preliminary (2fb) L EMuEw Sensitive

53, L discriminant
“t L * Determine

% g background
u SO from

e e S sidebands

o ST

; . o ] nn o o
0.95 :_ I o i . o o
0.9 ot
o.asi— : ' v
085" 5 55 6 6.5
Invariant mass (u* p°) [Gercz]

NeuralNet Output (NN)

1DQ Run llb Prellmlnary
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95% CL Limits on B(B, — uu)
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I PRL

1

93 (2004) 0320010

- PRL 94 (2005) 071302 A

DO Note 4733 X
A
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I

(2005) 22180

hep~ex10508058

P

|
CDF Note 8176

-

PRD 76 (2007) 092001
&

raan

s

DO Note 53447 )

\

.
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L/E/
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] | I

w
mEn| I

10

100

1000 10000

Luminosity (pb-)

CDF:BR( B, — upu ) < 5.8x108 @95% CL
DO: BR( B, — uu ) < 9.3x10 @95% CL
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Non-Standard Model Higgs (DO0)

Fermiophobic Higgs « Doubly-charged Higgs

— Decay UW — Pair produced, 4final
— Look for diphoton mass state.
resonance — Limits assume 100% BR
— Limit in m-Br(h—vy) to muons.
plane:
1 — i i
| ‘ \\\\\\\ =) N . DO,L=1.11b"
- - N ! —-Theory(L)
\\\\\,&\w\ : 210?F \\i . Theory(R)
RS § L i — Observe
_ w [ ’ \\ e S)l?pectecji
#LEP 3 | b +1c band
W2, Run | O | e !
¥ Observed L : ! g
- Expected L N AN
Benchrmark 1 : S S N
102 D@,1.1 16" 1.11b 100 2 :'= :4 \\
5 B s s AN
70 80 90 100 110 120 130 140 150 80 106':1'2'691':4'16'1'(36'1'8'6"2\66'
my, (GeV) M,... (GeV/c?)
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Non-Standard Model nggs (CDF)

1000¢" - un relmlnar
« MSSM Higgs production i « SOFFgy e
cross-section enhanced at “’“é S Zen

Ea Other EW] tt

large tan. " I

— Decays tort (10%) d:

— Decays to bb (90%) s 200 250 300
e Tau triggering e

MSSM Higgs -t Search, 35% CL Exclusion

Identlflcatlon’ 190:: COE Run I Preliminary, 1.8 fly
reconstruction. 33

no mixing

 No excess observed; T o
. . . 40 >0
limits in m,-tan plane. i ’

20
" no mixing 7
10 ) _
1 | o
1.8 fb 100 120 140 160 180 200 220 240
m, (GeV/c?)
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Conclusions

e Tevatron data so far consistent with the Standard
Model

— Low-rate SM processes (single top, diboson) shgwin
up as expected.

— No Indications of BSM physics.
e Some Interesting features to keep an eye on.
 Much more data yet to come.
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New physics from s vs t cross-section

6 : | ] 1 | | I | I:
- @ Standard Model ]
55 ¢ :
- w  Top-Flavor ]
5 = (my =1TeV)
= Z-t-¢c FCNC
4.5 :_ (ng:gZ‘) =
=y - 4th Famil
g - * X amey
R = (V.. =0.5)
bH 3.5 — + H' -
L0 - (My; =250 Ge V)]
N3 -
—i ~ ]
2.5 + ]
5 F ]
1.5 | -
| Bl b b b b
0 0.5 1 1.5 2 2.5 3

O (pPb)
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stop/sbottom

DO limit for stop—cx®in 1 fb-!

o
= 10ol~ CDF Run 1205 pb™ @< D@, L = 995 pb'
Y - — DO Run Il 360 pb” @i, 2
g I — Observed @ff P 'f
e 8¢ S =
e- | p
60
40r i “"LEP@=58°
L1 eLEPe =@
20_—5
O;: | I T TS TR T T N T %
40 60 80 100 120 140 CDF Run Il Preliminary dem 78"
m{ (G eV) E P T Expectad limit {for miB}=250 GeVic’)
b L == Observed 35% CL lEmit
E “iir Expacted limit {for m{B=300 GeWic’)
£ 1F — Observed 95% GL limit
@ c
'U:' -
% C
- L
E 1
oI'E
[ B> G5 at 5=1.96 GeV
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F H,= 1= Mg}
e M(aFaﬁFGaw:" I'-1[i|:!=l':itl Eevict |
250 300 350 400
M(G) [GeVic?]
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MSSM Higgs

CDF and DO limits together, u<0 and p>0

40 __@6\ MSSM Higgs Search ]
N max  95% CL excluded ]

My

no mixing

] ﬂ:IEIPIZ ] ] l l ] ]

100 120 140 160 180 200 220 240
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B.— MU constraining mMSUGRA

95% CL Limits on B(B; — uy)
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